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Abstract 
This paper describes modifications to improve the feasibility of a pre-combustion CCS concept for a gas turbine 
combined cycle. A natural gas-fired greenfield combined heat and power (CHP) plant equipped with pre-combustion 
capture was used as a base case, for which various improvement options were identified, assessed and selected. The 
base case was modified using the selected improvement options, after which the investment costs were re-evaluated. 
The results showed that the investment cost can be reduced with 8 % by excluding the pre-reformer and the low 
temperature water-gas-shift reactor from the reforming process. The exclusion of the pre-reformer did not affect the 
performance of the plant, but the exclusion of the low temperature water-gas-shift reactor led to higher CO2 
emissions. 
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1. Introduction 
Carbon capture and storage (CCS) is expected to play a significant role in reducing carbon dioxide 
emissions worldwide and abating climate change [1]. For example European Union has set a target for 
reducing its greenhouse gas emissions by at least 20 % by 2020 [2] and 80-95 % by 2050 [3] compared to 
the level in 1990.  
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Nomenclature 
 
ATR autothermal reforming 
NGCC natural gas fired combined cycle  
CCS carbon capture and storage 
CHP combined heat and power production 
DH district heating 
CCGT combined cycle gas turbine 
HT high temperature 
IGCC integrated gasification combined cycle 
LHV lower heating value   
LT low temperature 
PSA pressure swing adsorption 
WGS water-gas-shift reaction 
 
There are few natural gas -based CCS plants being planned among the CCS demonstration plants. 
Instead, the majority of the planned CCS plants use coal as fuel. For natural gas-fired combined cycle 
(NGCC) gas turbine plants there are two CO2 capture technologies, pre-combustion and post-combustion, 
which are considered technically mature for demonstration. Although these technologies have been 
proven at industrial scale in chemical industries, they have not been used in a large-scale power plant CCS 
application. Pre-combustion technology for NGCC consists of methane reforming, a water-gas-shift 
(WGS) process and a CO2 capture unit placed before the power plant. This enables CO2 to be separated 
from the gas mixture before the gas mixture is combusted in the gas turbine. Pre-combustion technology 
is commercially used for example in hydrogen and ammonia production industry.   
 
Most research studies and evaluations concerning NGCC are based on post-combustion processes, but 
some consider pre-combustion, for example Corradetti [4], Nord [5], Romano [6]. A pre-combustion 
system consisting of the aforementioned components (syngas production, WGS process and CO2 capture 
unit) does not seem to offer efficiency or cost advantages in comparison to post-combustion options [7, 8, 
9, 10]. However, pre-combustion is considered attractive in special cases, for example when hydrogen is 
needed for a refinery [9] or when using advanced future technologies like membrane reformers [11], 
membrane water-gas-shift reactors [11, 12] or sorption enhanced WGS [8, 13, 14].  
 
CO2 capture cost estimation is challenging due to several reasons, such as the high price of natural gas 
in comparison with coal and the typically highly volatile price of natural gas [15]. Variation of the costs 
and efficiency among the data available in public literature concerning natural gas-fired power plants is 
particularly high [6, 7, 8, 16, 17, 18], even for the data for the basic plants without CCS [8, 17]. According 
to Romano [6] the parameters chosen for the chemical section can significantly reduce the efficiency, and 
using old gas turbine technology may have even greater effect. The sensitivity analysis of Romano [6] 
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showed that the drop of the net efficiency caused by the CCS application varied between 8-17 percentage 
points depending on the parameters chosen.   
 
Amongst the current CCS activities no CCS project related to combined heat and power (CHP) plant 
seems to be ongoing. CHP combined with CCS is an interesting topic for the Nordic countries, where 
large-scale CHP is widely used in energy production due to its superior overall energy efficiency. The net 
thermal efficiency of NGCC with combined heat and power can exceed 0.90 [19]. For example, in 
Finland 30.6 % of consumed electricity was produced by CHP in 2011 and the share of CHP in the district 
heating production was 74 % [20, 21]. In Finland a study has been recently finished concerning CCS of 
natural gas fuelled greenfield pre-combustion CHP power plant [22, 23]. In the current paper, the attention 
is focused on improving the feasibility by modifying the process concept based on the study by Pirhonen 
[22] and using it as a base case against which the assessed improvement options are compared. 
2. Description of the base case 
The base case is a greenfield combined heat and power (CHP) power plant employing a combined 
cycle gas turbine (CCGT). The CO2 capture process is a pre-combustion process, in which natural gas is 
reformed to hydrogen and carbon dioxide, using air as the oxidising media.  The plant consists of a gas 
reforming process, CO2 capture unit and power plant.  The process concept is shown in Figure 1. The 
reforming process consists of a pre-reformer, an auto thermal reformer (ATR) as well as both high- and 
low- temperature water-gas-shift (WGS) reactors. Carbon dioxide is captured by amine-based chemical 
absorption technology.  The reformed gas consists mostly of hydrogen and nitrogen and is used in the 
combined cycle gas turbine. The gas reformation and CO2 capture processes are tightly integrated with 
the power plant. 
 
The performance data of the modelled plant is shown in the Table 1 and is compared to the 
performance data of a similar plant without CCS. Results of the base case showed the net electrical 
efficiency (LHV) to drop from 0.48 to 0.42. Overall plant efficiency dropped from 0.89 to 0.78 and heat 
to power ratio increased from 1.14 to 1.20. 
 
Total investment costs are presented in the Table 2. The power plant unit cost with CCS is estimated to 
be 12 % higher than the conventional power plant cost due to the modifications required for hydrogen 
combustion instead of methane [22]. The concept did not prove to be feasible mostly due to high 
investment costs. Table 2 shows that the investment cost of the reformer unit is extremely high compared 
to other sections.  The cost of energy was 82 €/MWh (Table 3).  
 
2330   Marjut S. Suomalainen et al. /  Energy Procedia  37 ( 2013 )  2327 – 2340 
 
DISTRICT 
HEATING
REFORMING 
PROCESS
STEAM 
TURBINE
GAS TURBINE
CO2 REMOVAL 
AND 
LIQUEFICATION
HEAT RECOVERY 
STEAM GENERATOR
Air
Natural gas Air
CO2
Exhaust gases
District heating 
water
Synthetic gas
Synthetic gas
Process steam
Process steam
Process steam and water
Process water
Process steam
Process water
Process steam
Process steam
Natural gas & 
steam
 
 
Figure 1. Simplified flow sheet of the natural gas-fired combined heat and power (CHP) plant using pre-combustion technology for 
CO2 capture. 
 
Table 1. Performance of the CCGT CHP power plant with CO2 capture, compared to a similar plant without CO2 capture [22]. 
Plant performance  with CCS without CCS 
  (MW) (-) (MW) (-) 
Plant Thermal input Thermal energy of natural gas 1003  841  
Plant Electrical output Electric Power Output at Generator     
  Gas turbine 294  273  
  Steam turbine 152  130  
  Total 446  403  
 Gross electrical efficiency  0.44  0.48 
 Auxiliary electrical consumption 21  1.7  
 Net electrical output 425  401  
 Net electrical efficiency  0.42  0.48 
Plant thermal output District heating 353  351  
 Absorber Unit heat consumption 96  -  
Overall plant efficiency   0.78  0.89 
Power to heat ratio   1.2  1.14 
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Table 2. Investment cost of the natural gas-fired CCGT combined heat and power plant using pre-combustion technology for CO2 
capture [22]. 
Investment cost of the process  Price   
 (M€) (%) 
Power plant (2 GT+HRSG, ST, DH) 303 26.7 
CO2 removal, compression and liquefaction 156 13.7 
Reformer 508 44.8 
Balance of plant 168 14.8 
TOTAL 1135 100.0 
 
Table 3. Cost of energy produced by natural gas-fired CCGT combined heat and power plant using pre-combustion technology for 
CO2 capture [22]. 
 
Parameter Production cost  
(€ / MWh) 
Energy Price  
(€ / MWh) 
Cost of Energy 82  
Cost of Electricity 90 57 
Cost of Heat 75 55 
 
3. Re-evaluation 
The process concept was divided into subsections and different options for optimising each section 
were identified. Only state-of-the-art modification options were considered. The options were evaluated 
by literature review, reference data comparison, and/or by calculating the effect of the modification for 
example by using Aspen Plus process modelling software. The options that were selected for evaluation 
were the following: 
 
 Re-evaluation and optimisation of the reforming process.  
 Carbon capture by either physical absorption or pressure swing adsorption (PSA) instead of chemical 
amine absorption. 
 Utilisation of the waste heat of CO2 compressors for district heating (DH). 
 
3.1 Reforming process 
 
   Almost 45 % of the total investment cost consisted of the reforming process. Thus, the reforming 
process was evaluated in more detail. A basic diagram of the reforming process is presented in the Figure 
2. 
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In the pre-reformer longer hydrocarbons than methane are decomposed to carbon oxide according to 
reaction (1) to prevent carbon deposition in the autothermal reformer. The reaction is endothermic and 
considered irreversible [4].  
 
 
 
Figure 2. The reforming process in the studied pre-combustion capture concept.  
 
CnHm + nH2O  nCO + (m/2+n) H2 H > 0    (1)  
 
In the autothermal reformer (ATR) methane is reformed according to an endothermic reaction (2). The 
reforming of methane is reversible endothermic reaction [4]. A minor part of methane is first combusted 
in the thermal zone thus providing heat for the reforming reaction which occurs in the catalytic zone. A 
simplified combustion reaction is presented in equation (3). 
 
CH4 + H2O  CO + 3 H2  H > 0     (2) 
 
CH4 + 1.5 O2  CO + 2 H2O    H < 0    (3) 
 
The water-gas-shift (WGS) reaction is presented in equation (4). The reaction is exothermic and 
reversible. Although a thermodynamic equilibrium favourable for higher conversion of CO to CO2 is 
attained at low temperatures the kinetics are favourable at higher temperatures. Thus, to achieve higher 
conversion multistage reactors are used. Typically, the reactor is divided into one high and one low 
temperature reactor.  
 
CO + H2O  CO2 + H2   H < 0    (4) 
 
In the reforming section three options were considered to improve the feasibility: 
 
 Exclude the pre-reformer  from the process 
 Change the oxidising medium in the ATR reactor from air to oxygen 
 Exclude the lower temperature water-gas-shift reactor 
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3.1.1 Pre-reformer 
 
The concentration of the C2Hn and heavier hydrocarbons varies depending on the origin of the natural 
gas (Table 4). The natural gas used in this process derives from Russia and has very low content of 
hydrocarbons heavier than methane. Thus the pre-reformer is not required in this case due to the low 
concentration of heavier hydrocarbons. Also some other concept studies of natural gas-fired power plants 
with pre-combustion CO2 capture excluded the pre-reformer, for example Nord [24]. The positive effects 
caused by excluding the pre-reformer are a less complicated process and lower investment costs. The risk 
of carbon deposition in the ATR is considered low in this case.   
 
Table 4. The composition of the natural gas, compared to natural gas from other sources [25].  
Component This plant 
Russia 
(%) 
Gronningen 
The Netherlands 
(%) 
Ekofisk 
Norwegian 
 (%) 
Kansas 
United States 
 (%) 
Methane, CH4 98.09 81.3 85.8 84.0 
Ethane, C2H6 0.76 2.8 8.3 6.7 
Propane, C3H8 0.28 0.4 2.8 0.3 
Buthane, C4H10 0.08 0.4 1.2 - 
Nitrogen, N2 0.79 14.2 0.4 8.3 
Carbon dioxide, CO2 0.04 0.9 1.5 0.7 
 
 
3.1.2 Autothermal reactor (ATR) 
 
Either  oxygen or  air  can  be  used  as  oxidising  media  in  ATR.  Air  was  used  in  the  base  case.  In  this  
study oxygen use was considered. The positive effect of using oxygen instead of air is the absence of 
diluting nitrogen. This would lead to 33 % decrease in the volume of the gas stream thus resulting in 
smaller equipment required from the ATR reactor downstream. In addition the partial pressure of CO2 
would be significantly higher leading to a possibility of a more efficient physical absorption process (see 
Section 3.2.1).  
 
However, there are also several negative effects from using oxygen instead of air. First, oxygen 
production is expensive due to both investment and operating costs. Although the purity of the oxygen is 
not an important issue in this case, at the moment the state-of-the-art oxygen production of as large scale 
as this (2000 t/d) requires cryogenic production processes [26]. Cheaper oxygen production processes are 
studied intensely, but there are no commercial applications yet. The energy consumption of the oxygen 
plant would be 14 MW. Second, if oxygen is used, a purge gas is required to prevent the temperature to 
rise too high in the ATR reactor. If CO2 is used as purge gas, it decreases the equilibrium conversion of 
CO to CO2 in WGS reactors. Third, the temperature in the turbine (TIT) rises due to increased flame 
temperature requiring larger changes in the turbine and causing remarkably increased NOx emissions [4, 
8]. NOx can be reduced by selective catalytic reduction (SCR) or by fuel dilution to the level of methane 
combustion. In addition, handling of pure oxygen requires additional operational safety measures.      
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In this case, it is not clear if the benefits outweigh the drawbacks when using oxygen instead of air. 
But determining this would have required a more detailed calculation than was possible within the 
framework for this study. However, the negative effects were so significant that a more detailed 
evaluation was considered unnecessary and, therefore, not performed.  
 
3.1.3 Water-gas-shift – (WGS) reactors  
 
 One modification option was to exclude the low-temperature WGS reactor. The exclusion of the low-
temperature WGS reactor decreases the investment cost and simplifies the process. However, the 
conversion of CO to CO2 decreases, leading to a higher CO concentration (Table 5) and thus a decreased 
maximum amount of captured carbon.  
 
Table 5. Gas composition after high-temperature WGS and low-temperature WGS reactors [based on the data from 22]. 
Gas component HT-WGS out (%-mol) LT-WGS out (%-mol) 
CO 2.0 0 
H2 44.3 46.3 
N2 35.2 35.2 
CO2 14.3 16.4 
H2O 4.2 2.2 
Total 100.0 100.0 
 
 Without the low-temperature WGS reactor the conversion of CO to CO2 is 0.88 resulting in maximum 
carbon capture of the power plant below 88 % of total carbon. With CO2 capture rate of 90 % at the CO2 
removal unit, the total carbon capture rate of the whole process would be 79 %.   
 
3.2 CO2 removal process 
  
 In the base case CO2 was removed by chemical absorption. The solvent used was a combination of two 
amines, a tertiary amine named methyldiethanolamine (MDEA) and a secondary amine named 
diethanolamine (DEA). The choice was in accordance with recent literature, in which the mostly used 
CO2 removal process for natural gas-fired CCGT with a pre-combustion process is chemical absorption, 
for example [18, 6, 5, 4]. The feasibility of chemical absorption process was compared to physical 
absorption and pressure swing adsorption (PSA). 
 
3.2.1 Physical absorption 
 
Commercial acid gas removal processes such as Selexol (solvent polyethylene glycol dimethyl ether) 
and Rectisol (solvent methanol) are examples of state-of-the-art CO2 removal options by physical 
absorption. According to Corradetti [4] chemical absorption process is preferred over physical absorption 
due  to  the  lower  pressure  of  the  syngas  for  the  removal  of  CO2 in natural gas pre-combustion process. 
However, in an air-gasification process study [27] the feed gas composition and pressure were relatively 
similar compared to this process although the gas volume was a third of this case (Table 6). Selexol was 
reported to be more efficient both energetically and economically compared to amine and Rectisol 
absorption processes [27]. Base on that, a physical absorption process based on polyethylene glycol 
dimethyl ether was evaluated in this study. 
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The absorption process was modelled by Aspen based on equilibrium calculation in the absorption 
column. In reality, equilibrium will not be achieved in the column and an excess of solvent is required. To 
represent this, the mass flow of the solvent was multiplied by a factor of 1.35 [27]. The results are 
presented in the Table 7. No low-pressure steam was required, resulting in 14 MW more electricity 
production. However, 5 MW of electricity and 7 MW of cooling energy for the solvent were required. In 
addition, the mass flow of the solvent was about fivefold compared to amine. Also, the combination of 
ATR using oxygen as reforming media (electricity consumption of the oxygen plant 14 MW) and Selexol 
absorption unit would be unprofitable.  
Table 6. The main gas composition before the CO2 absorption process. [based on the data from 22, 27] 
Gas component Volume fraction  
(%-vol) 
Partial pressure  
(MPa) 
Partial pressure in [27] 
(MPa) 
CO2 16.6 0.42 0.42 
H2 46.9 1.18 0.55 
N2 36.3 0.91 0.71 
H2O 0.2 0.01 0.01 
Total 100.0 2.50 1.7 
 
Table 7. Solvent mass flow and energy consumption of the CO2 removal processes by physical absorption, compared to the amine 
absorption process used in the base case. 
 Solvent  Energy consumption   
 (kg/s) (MW low pressure steam) (MW electricity) (MW cooling 0 oC) 
Amine (base case) 480 94 - - 
Selexol (process pressure) 2600 - 5 7 
Selexol (O2-ATR) 1600 - 3 4 
Selexol (50 bar) 1600 - 11 7 
 
 
The results showed no significant benefit for using physical absorption instead of chemical absorption. 
Also IEA [28] and NETL [18] evaluated physical absorption processes and found them to be too 
expensive to be profitable in pre-combustion CCS of NGCC.  
 
3.2.2 Pressure swing adsorption (PSA) 
 
 The pressure swing adsorption (PSA) separation method is a commercial available system with which 
high reliability may be attained at relatively low capital and operating costs. The PSA method separates 
very efficiently small molecules and is used for example for the separation of hydrogen from synthetic 
gas when extremely clean hydrogen is required for methanol synthesis. However, the disadvantage of the 
PSA method is that high purity cannot be achieved for the heaviest component, and in this case the 
heaviest component is CO2. Thus, a minor part of hydrogen is captured in the CO2 flow resulting in some 
loss of fuel [29]. 
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Table 8. Separation rate of gas components to captured CO2 stream in PSA process [based on 30].  
Gas component Capture rate in PSA separation (% ) 
H2 3.0 
CO2 92.0 
N2 3.7 
 
PSA process calculations based on [30] showed that in this case 3 % of the total hydrogen would be 
lost to CO2 flow in the PSA process (Table 8). The hydrogen loss was considered economically too high 
in addition to the energy loss due to the required pressure release from process level (2.5 MPa) to the 
suitable level for PSA process (0.25-0.5 MPa) and afterwards pressurization back to the process level. 
Our result is in accordance with the IEA [28] report, where the loss of hydrogen in the CO2 removal by 
PSA process was considered too high to be economically profitable. 
 
3.3 Utilization of the waste heat of CO2 compressor 
The heat recovery from the CO2 compressor was not taken into account in the base case. Depending on 
the  compressor  type,  it  is  possible  to  recover  part  of  the  energy  input  in  the  form  of  heat.  If  heat  
exchangers are used for cooling the compressor, the district heating water can be used and heated up to 
70-80 oC. The CO2 compression and liquefaction consumes 17 MW of electricity. The thermal energy 
gained from cooling the compressor would be 4.6 MW of district heat. However, the improvement is 
minor and the change will have no significant effect on the efficiency of the plant. 
4. Summary of the evaluation 
The potential modifications of the process and their effects are summarised in the Table 9. Beneficial 
modifications were the exclusion of the pre-reformer and the low-temperature WGS reactor. Also, heat 
recovery from the CO2 compression was found to be beneficial to the overall efficiency. 
 
 
The investment cost of the reforming process in the base case was extremely high having a strong 
effect on the total investment cost (Table 2), but a cost breakdown of the reforming process was not 
readily available. Therefore the investment cost breakdown of the reforming process is based on data 
from NETL [18] and IEA [28]. The estimated distribution of the investment cost is presented in Table 10. 
Excluding the pre-reformer and the LT WGS reactor would decrease the investment costs of the reformer 
section with 18 %, which corresponds to 8% of the total plant investment costs. 
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Table 9. Considered modifications of the CO2 capture process in natural gas-fired combined heat and power plant using pre-
combustion technology for CCS, and the effect of the modifications on the plant performance and investment costs. 
Modification Positive Negative Choice 
No pre-reformer Lower investment cost Risk of carbon deposition in ATR YES 
 Less complicated process   
    
Oxygen based ATR Smaller  gas  flow  due  to  no  
diluting nitrogen requiring 
smaller equipment downstream, 
Higher CO2 partial pressure 
leading to more efficient CO2 
separation 
High cost of oxygen production 
Purge gas for ATR required 
Higher NOx emissions from the 
turbine due to higher TIT   
NO 
    
No LT-WGS reactor Lower investment cost Higher CO2 emissions YES 
 Less complicated process   
    
Physical absorption No consumption of steam  Electricity and cooling required 
Solvent volume multiple 
NO 
    
PSA No consumption of steam Part of hydrogen lost in CO2 
removal  
NO 
    
Waste heat utilization Increase of district heating - YES 
    
 
 
Table 10. Estimated distribution of the reforming process investment costs [based on data from 18 and 28]. 
 
Distribution of reforming investment cost % of reforming investment cost 
ATR + pre-reformer   51 
- pre-reformer 10 
WGS reactors 13 
- LT WGS reactor 8 
 
5. Conclusions 
This evaluation identified several options that could improve the performance of the studied concept. 
The pre-reformer was considered unnecessary, since the natural gas used in this case contains only minor 
amounts of heavier hydrocarbons. The use of oxygen instead of air in the ATR reduces the gas flow rate 
and thus reduces the size of the reformer and carbon dioxide capture  process units. On the other hand, the 
investment and operating costs of the oxygen production plant are high, and in addition, when burning 
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hydrogen in the turbine the temperature rises high resulting in material problems and considerable high 
NOx emissions. Excluding the low-temperature WGS reactor reduces the investment cost, but as a result 
some unreacted carbon passes through the CO2 capture unit reducing the total carbon capture efficiency. 
Using physical absorption decreases the consumption of steam, but requires electricity and cooling media. 
In addition, the mass flow rate of the solvent increases significantly.  
 
The most potential option is to decrease investment costs by excluding the pre-reformer and low-
temperature WGS reactor. The changes decrease the total plant investment cost by 8 %, but do not have 
any significant effect on the efficiency of the plant. However, without the low-temperature WGS reactor 
the carbon capture efficiency will decrease. If the CO2 removal unit has a capture efficiency of 90%, the 
total carbon capture would be 79% due to the unconverted CO slipping through the removal unit. When 
designing a greenfield plant some space may need to be reserved for post-installation of a LT-WGS 
reactor. This would offer a chance to easily improve the carbon capture efficiency later if needed.  
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